The influence of within-species variation and covariation on evolutionary patterns is 16 well established for generational and macroevolutionary processes, most prominently 17 through genetic lines of least resistance. However, it is not known whether intraspecific 18 phenotypic variation also directs microevolutionary trajectories into the long term 19 when a species is subject to varying environmental conditions. Here we present a 20 continuous, high-resolution bivariate record of size and shape changes among 12,633 21 individual planktonic foraminifera of a surviving and an extinct-going species over 500 22 thousand years. This time interval spans the late Pliocene to earliest Pleistocene 23 intensification of Northern Hemisphere glaciation, an interval of profound climate 24 upheaval that can be divided into three phases of increasing glacial intensity. We found 25 that within each of these three Plio-Pleistocene climate phases the within-population 26 allometries predict evolutionary change from one time-step to the next, and that the 27 2 within-phase among-population (i.e. evolutionary) allometries match their 28 corresponding static (within-population) allometries. However, the evolutionary 29 allometry across the three climate phases deviates significantly from the static and 30 phase-specific evolutionary allometries in the extinct-going species. Although 31 intraspecific variation leaves a clear signature on mean evolutionary change from one 32 time-step to the next, our study suggests that the link between intraspecific variation 33 and longer-term micro-and macroevolutionary phenomena is prone to environmental 34 perturbation that can overcome constraints induced by within-species trait covariation. 35 36 3 Introduction 37
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Introduction 37
Intraspecific variation is essential for evolution. Phenotypic variation is the target for 38 natural selection, with the possibilities for phenotypic change determined by the extent 39 of genetic variation. Many traits do not evolve independently: selection on one trait can 40 influence the response to selection in others (Lande 1979; Lande and Arnold 1983) . 41
These constraints among traits can have large impacts on the direction of evolution, 42 either facilitating evolution in the case of positive covariances (Gavrilets and Here z is an n-dimensional vector representing the change in n trait means, G is the 52 additive genetic variance-covariance matrix with genetic variances on the diagonal 53 elements and covariances as non-diagonal elements, and β is an n-dimensional vector 54 consisting of directional selection gradients (Lande 1979; Lande and Arnold 1983) . 55
Repeated over many generations, the phenotype is expected to evolve in the direction of 56 the dominant eigenvector of G, which has been defined as the line of least genetic 57 resistance gmax (Schluter 1996) . Although populations have been shown to evolve along 58 lines of least resistance on generational time scales (Lande 1979 ; Lande and Arnold 59
Allometries present specific examples of trait covariations, with a given trait covarying 64 with body size according to a power relationship (Huxley 1932) . They are considered 65 exemplary lines of least evolutionary resistance (Pélabon et al. 2014 ) because allometric 66 constraints imply that internal growth regulators restrict trait evolution. Marroig and 67 Cheverud (2005) showed that the direction of evolutionary change in New World 68
Monkeys mainly occurred along within-population allometric slopes of body size and 69 cranial features, using morphological data of extant species supplemented by modelled 70 The time interval studied here spans 2.4 to 2.9 Ma and captures the intensification of 172
Northern Hemisphere Glaciation (iNHG). We identify three distinct climate states in the 173 studied interval characterised by stepwise increases in glacial state in the face of 174 constant interglacial (background) conditions ( Figure 2E,F divided by the mean of those two measurements. Results from both sets of 213 measurements were highly consistent with average trait errors less than 5% (Table S1) . 214
215

Analysis 216
The R package 'paleoTS' (Hunt 2006 ) allows analysis of paleontological time series using 217 maximum likelihood models, which we use to test whether univariate trait evolution in 218 the different climatic states is best described by stasis, directional evolution or a random 219 walk. To test whether trait evolution occurred more slowly than would be consistent 220 with genetic drift, we calculated Lynch's delta metric (Lynch 1990 Evolutionary allometries were calculated in the same way using the sample means of 236 size and shape to reconstruct the variance-covariance matrix over the entire study 237 interval (total evolutionary allometries) as well as from separate climate phases (phase-238 specific evolutionary allometries). To test whether populations preferentially evolve 239 along static allometries from one time step to the next, we measured the angle θ 240 between pmax at time t and the direction of evolutionary divergence z from the sample 241 mean at time t to the sample mean at time t+1 ( Figure 3A) , and compared θ to a 242 simulated distribution of angles between two randomly chosen vectors generated using 243
Knuth's Algorithm (Knuth 1969) . A Wilcoxon rank-sum test was performed to check if 244 the distribution of all θ differed from the randomly generated angles. A set of angles 245 significantly smaller than the randomly generated angles implies that population 246 evolution from one time step to the next is constrained by its within-population 247 allometries. A paired Wilcoxon test was applied to test if both species were similarly 248 constrained by their allometric lines of least resistance. (Table 1) . Analysed within 270 separate climate states, size of G. puncticulata is best described by stasis in the Initial 271
Phase and by a random walk in the Transition and Glacial phases, whereas shape is best 272 described by stasis in the Initial and Glacial Phases, and by a random walk in the 273
Transition Phase. Size of T. crassaformis most resembles a random walk in the Initial and 274
Transition Phases and stasis in the Glacial Phase, while shape is best described by a 275 random walk throughout (Table 1) . Additionally, for all studied traits Lynch's delta 276 values fall well outside the 10 -3 -10 -5 range proposed by Lynch (1990) to represent 277 neutral evolution (see Table 2 (ANOVA performed on phase-specific evolutionary slopes, p<0.001 for both species). 297
The T. crassaformis evolutionary allometries shift from weakly positive in the Initial 298
Phase, to weakly negative in the Transition Phase to almost neutral in the Glacial Phase, 299 whereas those in G. puncticulata are weakly negative in the Initial and Glacial Phases, 300 and strongly negative during the Transition Phase. Together, the phase-specific 301 allometries explain 5.5% of all variance in T. crassaformis, as opposed to 33.6% in G. 302 puncticulata (ANCOVA performed on phase-specific evolutionary slopes, p<0.01 for both 303 species with phase as a categorical explanatory variable, see Table 3 ). In T. crassaformis 304 the evolutionary allometry over the entire studied interval ( Figure 5C , black line) is 305 comparable to the species' phase-specific evolutionary allometries (p<0.01, see Table 3 ). 306
G. puncticulata on the other hand shows a strong negative slope (p<0.001) comparable 307 to the Transition Phase allometry, but in contrast to the evolutionary allometries in the 308
Initial and Glacial Phase and most of the within-population allometries. This allometric 309 breakdown implies that, for this extinct-going species, within-population and short-term 310 evolutionary allometries do not predict long-term allometric trends during times of 311 climatic upheaval. 312
The distribution of the angles θ between pmax and the direction of evolutionary 314 divergence z are significantly smaller than angles drawn from a random distribution for 315 both species (Wilcoxon rank sum test, p<0.01 and p<0.005 for G. puncticulata and T. 316 crassaformis, respectively; Figure 5 , Table 4 
Allometries within climate phases 335
Despite low within-population (static) allometric slopes, long-term evolutionary change 336 occurs preferentially along the within-population allometric lines of least resistance, a 337 finding which is consistent with results of studies on generational (Schluter 1996) and 338 macroevolutionary time scales (Renaud et al. 2006; Hunt 2007 ). In T. crassaformis the 339 angles θ between the directions of predicted (pmax) and observed (z) evolutionarychange are significantly smaller than expected by chance, implying that the lines of least 341 resistance, to some extent, predict phenotypic change of this species through time. 342
Traits are best described by a Random Walk (Table 1) oscillate on or close to pmax but with zero net overall change rather than a directional 352 pattern. Note that the random walk models (Table 1) climate shifted back to an interglacial state following MIS G6, the decrease in size also 390 meant a loss of maximum size variance because the two covary, and the interglacial 391 environmental conditions did not last long enough for the species to regain their initial 392 maximum size. The species' extinction at 2.41 Ma has been linked to iNHG (Wei 1994a ; 393 sensitivity to glacial conditions. However, the impact of global environmental change on 395 the species' extinction remains to be tested among multiple populations living under 396 different environmental conditions. 397
398
The increase in shell aspect ratio and its covariance with size is more challenging to 399 explain. Smaller shell size reduces drag and increases settling velocity through the water 400 column, making it more difficult for individuals to retain their preferred depth habitat. Table  688 4 for phase-specific p-values). 
